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We study lepton flavor violating analogs of the photoelectric effect, with a final \x or r instead of 
an electron: 'ye — > /i and 'ye — > r. On the basis of the general parametrization of the matrix element 
of the electromagnetic current we estimate the upper limits for the cross sections and event rates of 
these processes, imposed by the current experimental bounds on [i — > ej and r — > 67 decays. 
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I. INTRODUCTION 



Lepton Flavor Violation (LFV) has become an experimental fact after the observation of neutrino oscillations, and 
this leads immediately to the conclusion of the existence of LFV processes in the sector of charged leptons. However, 
the amount of LFV transmitted from the neutrino sector to the sector of charged leptons by Standard Model (SM) 
loops is extremely small, leaving no chance for their experimental observation. On the other hand interactions beyond 
the SM can potentially induce LFV directly in the sector of charged leptons. Therefore, any observation of an LFV 
transition of charged leptons would be a signal of physics beyond the SM. This is the motivation for the theoretical 
and experimental studies of LFV processes with charged leptons. Among them the most attention has been paid to 
muon-electron nuclear conversion, muon(electron)-nucleon scattering as well as to LFV in decays of mesons, muon, 
tau (for reviews see, for instance, Refs. [IJ). It was recognized that different processes may have quite different 
sensitivity to the LFV and can shed light on complementary aspects of the underlying physics being, in general, 
dependent on different combinations of fundamental parameters of new physics. Therefore, looking for new processes 
potentially capable to render new information on the origen of LFV represents an important quest both for theory 
and experiment. 

In the present work we examine a new class of the LFV processes in the charged lepton sector, induced by real 
photon beams. This is the LFV version of the photoelectric effect, with a muon or tau in the final state instead of 
the usual photoelectron. Our analysis is based on the general parametrization of the electromagnetic current in terms 
of LFV form factors, without any reference to the underlying physics behind the LFV electromagnetic transitions of 
leptons. The same form factors describe [i — > ej and r — > decays and, therefore, they are limited by the existing 
results on the experimental searches for these processes. We use these limits to predict upper bounds on the total 
cross section and event rate of 7e — * \i and — > r for the initial electrons bound to atoms. 

II. MATRIX ELEMENT OF LFV PHOTO-LEPTONIC EFFECT 

The amplitud for the transition jh—^lf, induced by real photons, can be written in the following standard form 

Mfi = J eMJ^x^e-^x, (1) 
where ex is the photon polarization 4-vector. 
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The most general form of the leptonic matrix element in Eq. (TTJ) , consistent with Lorentz covariance and conservation 
of electric current, is 



= $ f {x)T%{k)^{x), 



(/^ (fc 2 )+75/i; (fc 2 ))7, r-S^ ) + (/i;i(fc 2 )+7 5 /^(fc 2 )^— 

\ k I TTle 



Ux) (2) 



where ipi(j) are the wave functions of the initial(final) lepton. We defined k^ = i(d M + 9 M ) the differential operator 
of 4-momentum transfer, with the first derivative acting to the left hand side and the second one to the right hand 
side. For the case of free leptons this operator is to be replaced as k ^ — > k^ = — P(i)fi-> where Pu,)^ and j?(/) At 

are 4-momenta of the initial and final leptons respectively. For convenience we also introduced the function T^. In 
Eq. |J2) the functions j Eo(k 2 ) > j Mo(k 2 ) and fEi(k 2 ),fMi(k 2 ) are the conventional monopole and dipole electric and 
magnetic transition form factors. From T-invariance it follows that all the above form factors are real and symmetric 

fif _ ffi fif _ ffi fif _ ffi fif _ ffi fo\ 

JED ~ JEO' J MO ~ JMO' JE1 — JEXi J Ml ~ J Ml" \°) 

Thus, the same set of form factors describe 7^ — > If and li —*lf) processes. The monopole form factors must satisfy 
the finiteness conditions 

/&(0) = /&(0) = (4) 

and, therefore, they do not contribute to the yli If processes with a real photon, which has k 2 = 0. 
Substituting the expression @ into Eq. ([T]) and integrating by parts we obtain 



M fi = J iPfixy^kWiixle-^dfx (5) 

where the vertex function r M is the function defined in Eq. l[2"|). 

Let us turn to the LFV photoeffect: 7e — > / with I = /i, r. In this case the initial lepton is the electron bound to the 
atom with energy e e = m e — I, where I is the corresponding value of the ionization energy. The incident real photon 
with energy u> and momentum k hits the atomic electron and creates the final lepton I with energy Ei and momentum 
P;. Therefore, we can rewrite Eq. ([T]) in the 3-dimensional transversal gauge, e^fc^ = with e M = (0,e), in the form 

Mi e = 27rS(e t +lo-ei) j $,(x) (e • r)j ^ e (x)e ikx d 3 a; = 2^( £ , ; + u - e % )Mu , (6) 

where ^ ej ;(x) are the spacial wave functions of the initial electron and final lepton. Here we also introduced the 
reduced matrix clement Mi e of je — > I transition. In virtue of Eq. (4) the product of vertex function and the photon 
polarization vector is given by 

(e • r), = —{ffn + 75/J;4)(7-e)(7 ^ - 7*) (7) 

Here, Jei = /bi(0), Jmi = /mi(0) and uj = |k| is the photon energy. In what follows we consider the LFV photoeffect 
from the ground state atomic level of a hydrogen-like ion with atomic number Z -C 137. The latter condition allows 
one to derive the final result for the cross section in an explicit analytic form. The non-relativistic ground state 
electron wave function is 

Mr) = (Ze Y e)3/ V Ze2 — (8) 

As is known 0], despite the fact that the initial electron is non-relativistic, for a self-consistent treatment of the 
photoeffect it is necessary to take into account relativistic corrections to its wave function at least to first order in the 
small parameter Ze 2 <C 1. 

The initial electron wave function corrected in this way is given by 

i>e =(l- ^7°7V) ^Vo, (9) 
where u e is bispinor amplitude of the electron in the rest frame, normalized by u e u e = 2m e . 
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We write the wave function of the final lepton in the form 

1 



uie 



(i) 



where the term ij)^ represents the leading Ze 2 Coulomb correction. Its Fourier transform is 



= / d a 2^(x)e lKX = iirZe'ui 



zkx 



2 _ 2 £i7 + 7 .(k-p ; ) 



(k»-pf)(k- Pl ) 



(10) 



(11) 



Now, substituting Eqs. ([8"l)- (fTTj) into Eq. ([6]), we obtain to first order of perturbation theory in Ze 2 , the following 
expression for the reduced matrix clement 



with 



where 



4 7 r 1 /2(Ze 2 m e ) 5 / 2 
A t = o(r.e), + (r.e) ;7 °( 7 .b) + ( 7 .c) 7 °(r.e) z 



si 



Pi 



k - p; 



(PJ - k) 2 



k 2 ~P 2 



2m e (pi - k) 2 



2m e (k 2 - p 2 ) 



(12) 

(13) 
(14) 



The differential cross section summed over the final lepton polarization and averaged over the initial electron one 
takes the form 



4(T^ 7^m^ r 
da{ ie -h. i) = — p rf | Pi |Tr ( 7 °e/ - 7 p, + mi)Ai(j° + 1) 7 °A 7 ° 

Carrying out the trace one can obtain the following expression 

Tr[...] = -1{[|/| 1 | 2 + |/^ 1 | 2 ]T + +[|/| 1 | 2 -|/ A 1 1 | 2 ]T_} 

where 



dn 



T+ = 2 [k d pc kp c d + e; (k b k-c-w 2 b-c)] + (ej -k p/w)d 2 
T_ = 2m z [k b k-c + w 2 (2 be c-e-b-c)] 



(15) 



(16) 



(17) 
(18) 



and d = ak — u>(h + c). In the total cross section term T_ drops out since T_ ~ p 2 — p 2 and, therefore, integration 
over the angles gives zero. The final result for the total cross section can be written in terms of dimensionless variables 
t = E\ I mi , u = uj /mi and v = \Jt 2 — 1 in the following form 



<7( 7 e-l) = l&^ m Z 5 ^ [(/1i) 2 + (/mi) 2 1 -i ? (*^>«), 

TO, L J It 



where 



P(t,u,v) t(u 2 + v 2 ) - 2uv 2 



3(u 2 — w 2 ) 6 2uv{u 2 — v 2 ) 2 



log 



u — V 
u + v 



3tu 6 (8(t + l) 2 + u 2 ) - 2uV (24t 3 - 4f(10 - u(4 + 3it)) + w(32 + u(16 + 3u))) - 
2uV (l2t(t-l) 2 + l6u{t-2) + 2ltu 2 +3u 3 ) + 2u 2 v 6 (16-12i+3u) + 3v s (t-2u) 



(19) 

(20) 
(21) 



Taking into account that for both the muon and r-lepton s e /mi -C 1, the variable t can be approximated as t 
u + e e /mi u and the above expressions can be written (with accuracy of e e /m{) as follows 



F(t,u,v) 



u 



(u 2 — V 2 )' 1 



64m 4 + 80u 3 - 10u 2 - 32u - 3 1 

3{u 2 -v 2 Y + 2^ ° g 





3] 







(22) 



From this expression it can be seen that the total cross sections of both LFV processes steeply rise with the photon 
energy, in contrast to the case of the classic photoelectric effect with an electron in the final state, whose cross section 
decreases with the photon energy. This feature is manifest in Fig. 1, to be discussed in the next section. 
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III. EXPERIMENTAL CONSTRAINTS ON THE FORM FACTORS 

Since the same form factors M1 determine both jh —* If and If — ► lei processes, we can derive upper limits on 
/bi mi ano - fSi mi horn the existing experimental bounds on /i — *■ e 7 and t — > e 7 [H, 0, H| 

Br(r~ -» e" 7 ) = ^ £ 7) < 1.1 x 10" 7 , (23) 

1 r 

Br(/i~ e"7) = ^ 1^ £ ^ < 1.2 x 10~ n (24) 

and then apply these limits for the evaluation of upper bounds on the processes in which we are interested: 7 e — > fi 
and 7 e -> t. In Eqs. ([23 ]) , ([24] ) we use T T = 2.26 x 10~ 5 MeV and r p = 3 x 10" 16 MeV for total decay widths of the 
r and \i. 

The decay rates are given by 

r(l--e- 7 ) = £^(l/fil 2 + l/^il 2 ), (25) 

where I = (j,,t. 

Comparing Eqs. (|25[) with Eqs. (|23[) and (|24[) we get upper limits on the absolute values of the dipole form factors 



\fTi\ 3 + \fln\ 2 < 2 -0 x 10- 32 , \fWA 2 + l/l^l 2 < 3.0 x HT 21 . (26) 

Substituting these limits in Eqs. (|19[) we evaluate the upper limits on the total cross sections of the photomuonic and 
phototauonic effects. An exclusion plot for the case of a lead (Pb) atom is shown in Fig. 1. Thus, the upper limits 
on the form factors extracted from the experimental data on (i — > e 7 and t — ► e 7 decays impose very strong limits on 
their inverse processes 7 e — > //(t) with atomic electrons. 

In order to assess if such small cross sections leave any chance for the experimental observation of the LFV Photo- 
leptonic processes under question, we estimate the corresponding reaction rate 

R = cr( 7 e -> • L (27) 

where L is the target luminosity L of the incident photon beam. Taking roughly that all the incident photons are 
absorbed within a target depth equal to the photon conversion length k we estimate the target luminosity as 

L = Z j T y x 4.35 x 10- 16 ftr7s, (28) 



where A, Z and n are target material nuclear mass number in atomic units, atomic number and the conversion length 
in g • cm~ 2 , i 
As an exai 
luminosity is 



in g • cm 2 , respectively. The photon flux JF 7 is measured in s 1 . 

As an example we consider a lead (Pb) target with A — 207.2, Z = 82 and k — 7.46 g ■ cm' 2 . Its corresponding 



L Pb = 1.3 x 10 -15 -^yfb-Vs, (29) 

With this luminosity we estimate the number of the LFV events 

i?( 7 e -> /i) w 2.0 x 10~ 40 • AA 7 for w = lGeV (30) 
i?( 7 e -> r) w 1.0 x 10' 40 • A/" 7 for w = 5GeV (31) 

(32) 

where A/" 7 is the number of the photons absorbed in the lead target. This result means that the observation of one 
LFV event would require a photon energy deposit to the target of about 10 30 J. It is clear that these conditions are 
unrealistic. Higher event rates correspond to photon energies too high to be achieved in near future experiments with 
beams of sufficiently high intensity. Thus we conclude that the LFV processes 7 e — > t and 7 e — > t are experimentally 
unobservable under the existing experimental limits on /i — * e 7 and r — > e 7 . In the other words the latter processes 
are much more sensitive to the LFV than the ones studied in the present paper. 
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IV. DISCUSSION AND CONCLUSIONS 

We have studied LFV photoproduction of n and t on atomic electrons. We extended the conventional formalism, 
for ordinary photoelectric effect with a final electron, to the case of — > fj, and — > r processes. We have provided 
a general parametrization of the operator of electromagnetic current, instead of the commonly used parametrization 
of its matrix elements. This representation allowed us to consistently treat the off-mass-shell initial atomic electron in 
terms of LFV analogs of the conventional monopole /mo? Ieo and dipole /a/i, Je\ electromagnetic form factors of the 
electron. The studied LFV processes with real photons are independent of the monopole form factors, depending only 
on the dipole LFV form factors E1 , f^i ev These form factors are also involved in /i — > ej and t — + ej decays, 
whose rates are limited by the existing experimental data. Using these experimental limits we extracted upper bounds 
on the dipole LFV form factors and predicted the total cross sections of je — ► /j, and — > r processes. We also 
evaluated prospects for their experimental observation and arrived at a result that the event rate leaves no chance for 
this observation in any realistic experiment. In other words, the experiments looking for fi — > ej and r — > e-y decays 
are much more sensitive to LFV than the above studied photoproduction processes — > fi and je — > r. 
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